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Abstract: Chronic obstructive pulmonary disease (COPD) is currently the third leading cause 
of death in the world. Although smoking is the main risk factor for this disease, only a minority 
of smokers develop COPD. Why this happens is largely unknown. Recent discoveries by the 
human microbiome project have shed new light on the importance and richness of the bacterial 
microbiota at different body sites in human beings. The microbiota plays a particularly important 
role in the development and functional integrity of the immune system. Shifts or perturbations 
in the microbiota can lead to disease. COPD is in part mediated by dysregulated immune 
responses to cigarette smoke and other environmental insults. Although traditionally the lung 
has been viewed as a sterile organ, by using highly sensitive genomic techniques, recent reports 
have identified diverse bacterial communities in the human lung that may change in COPD. 
This review summarizes the current knowledge concerning the lung microbiota in COPD and 
its potential implications for pathogenesis of the disease. 
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What is the microbiome? 

The microbiome is defined as the total collection of microbiota that resides within 
humans or on their skin surface. Thus, the lung microbiome is the complete collec- 
tion of microbiota residing in the airways and parenchymal tissues. The microbiota, 
in turn, is defined as all microorganisms that inhabit a particular site or place, eg, the 
gastrointestinal (GI) tract, skin, or airways. 1 " 3 These microorganisms can consist of, but 
are not limited to, bacteria, viruses, and fungi, 4 - 5 of which the most widely studied have 
been bacteria. In the human body, bacteria outnumber human cells by a factor of 10. 6 
Most of these bacteria are found in the GI tract. 6 Other sources of frequent habitation 
include the mouth, nose, and skin. 7 Bacteria coexist with fungi and viruses in these 
locations. Despite their abundance, the functional role of bacteria in most human organs 
is largely unknown. With the advent of new molecular techniques and animal models, 
the mysteries of the human microbiota are beginning to be unraveled, especially in the 
GI system where bacteria appear to regulate host immune responses. 8 " 10 The gut is the 
home of the largest number of bacteria and, not surprisingly, the first large-scale human 
microbiota studies were conducted using GI tissues. 11,12 The initial hypothesis was 
that most microorganisms residing in the GI tract caused human disease. 13 However, 
with careful investigation, it became clear that many bacteria in the GI tract were in 
fact beneficial to humans. 14 For example, some bacteria are required for the produc- 
tion of essential micronutrients (such as vitamin K), protection against pathogens 
(such as Clostridium difficile), regulation of the host inflammatory response, 15,16 and 



submit your manuscript | www.dovepress.c 
Dovepress 

http://dx.doi.org/ 1 0.2 1 47/COPD.S38932 



International Journal of COPD 2014:9 229-238 



229 



© 2014 Sze et al This work is published by Dove Medical Press Limited, and licensed under Creative Commons Attribution Non Commercial (imported, vj 0) 
| License. Ihe full terms of the License are available at httpy/creativecommons.org/licenses/by-nc/i.O/ Non-commercial uses of the work are permitted without any further 
permission from Dove Medical Press Limited, provided the work is properly attributed. Permissions beyond the scope of the License are administered by Dove Medical Press Limited. Information on 
how to request permission may be found at http://wwwdovepress.coni/permissiansphp 



Sze et al 



Dovepress 



disease expression. 17-19 It is now recognized that perturba- 
tions in the gut microbiota may be responsible for a wide 
range of diseases, including pseudomembranous colitis, 20 
inflammatory bowel disease, 21 and even non-GI conditions 
such as obesity and cardiovascular disease. 22 Although less 
is known about the role of the lung microbiota in the patho- 
genesis of chronic obstructive pulmonary disease (COPD), 
in this paper we review some of the key new findings that 
have linked changes in bacterial communities in the lung with 
disease progression and exacerbation of COPD. 

Background on COPD 

COPD is currently the third leading cause of death in the 
world and the second leading cause of disability-adjusted 
life years lost in the US. 23,24 Although smoking is the lead- 
ing risk factor, only 15%— 20% of persistent smokers go on 
to develop the disease. 25 COPD is an umbrella term that 
encompasses several distinctive phenotypes, 26 including 
chronic bronchitis, small airways disease (or bronchiolitis), 
mucus hypersecretion, and emphysema. 25,27,28 Despite the 
morphologic and clinical heterogeneity of COPD, one 
common feature is inflammation in the small airways, 
which intensifies with disease progression. The inflamma- 
tory response in the lungs is characterized by infiltration of 
inflammatory and immune cells, including CD4+ T-cells, 
CD8+ T-cells, B-cells, macrophages, and neutrophils. 29,30 
Notable histologic findings in moderate to severe COPD 
(but not in mild disease) are tertiary lymphoid follicles in the 
walls of small airways. 28 In COPD, the putative antigen for 
these follicles is unknown, although some have implicated 
elastin fragments 31 and others have suggested environmental 
triggers such as bacteria. 32 

British hypothesis 
and airways "infection" 

It was originally postulated that persistent or recurrent 
bacterial infections in the airways are in part responsible 
for chronic cough and mucus hypersecretion and play a 
major role in the pathogenesis of COPD. 33,34 However, this 
theory lost favor when Fletcher et al showed that there was 
no significant relationship between chronic cough, sputum 
production, and recurrent respiratory infection or decreased 
lung function. 35 More recently, and contrary to the original 
description by Fletcher et al, several studies have shown 
chronic mucus hypersecretion and recurrent lower respiratory 
tract infections to be associated with an accelerated decline 
in lung function. 36,37 Importantly, other contemporaneous 
studies have demonstrated the importance of microorganisms 



in driving exacerbations and loss of lung function. 33,38,39 These 
more recent data suggest that bacteria have an important 
role to play in the pathogenesis of the disease, although the 
mechanism by which it occurs is far from clear. 

BAL, bronchial brushing, 

and endotracheal lung microbiota 

Studies of the lung microbiota are now just emerging. 
Recently, Hilty et al showed that the lungs are not sterile 
and bacteria are found in the lower airways. 40 Using clone 
libraries, they interrogated the 16S rRNA gene fragments 
for bacterial communities in healthy control subjects (n=8), 
patients with asthma (n=ll), and those with moderate to 
severe COPD (n=5). They demonstrated that bronchoalveo- 
lar lavage (BAL) fluid and bronchial brushings contained 
bacterial communities that were different to those found 
in the nasal cavity or the oropharynx. 40 More specifically, 
they showed that there was increased representation of 
Proteobacteria in COPD and asthmatic airways, which 
was accompanied by a reduction in Bacteriodetes in COPD 
samples. 40 This was the first study to suggest that there is a 
unique bacterial community in the lungs and that this may 
change with disease. 

Erb-Downward et al evaluated the bacterial microbiota 
in nonsmokers and smokers with normal lung function. 17 
Their study evaluated mostly BAL fluid complemented by 
lung tissue samples obtained from patients with very severe 
COPD. 17 They found that there was no significant differ- 
ence in overall composition of the bacterial community in 
the lung between nonsmokers, healthy smokers, and COPD 
patients. 17 However, they showed that there was significant 
heterogeneity and diversity in the bacterial microbiota across 
different regions of the same lung. 17 

Huang et al extended these findings by using a bacterial 
16S PhyloChip to determine the bacterial composition of 
endotracheal aspirates obtained from a small number of 
intubated patients with severe COPD. 41 Similar to the findings 
of Erb-Downward et al, these investigators failed to demon- 
strate any significant difference in the total bacterial load 
between these patients and control subjects. 17,41 Interestingly, 
however, they noted two distinct and divergent bacterial 
populations in the COPD samples. 41 One group of COPD 
patients demonstrated a loss of diversity in their bacterial 
composition, similar to what had been reported previously 
by Hilty et al. 40 The second group, on the other hand, showed 
increased diversity in bacterial community composition and 
in particular an increase in the number of bacteria belonging 
to the Firmicute phylum. 41 They hypothesized that progression 
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of COPD was associated with greater bacterial diversity and 
increased representation of Firmicutes in the airways. 41 

These observations were supported by data generated in 
resected lung tissue specimens from patients with very severe 
COPD that had increased representation of Firmicutes. 42 As 
with other research, 17 - 42 this study showed that there was no 
difference in composition of the bacterial community in the 
lungs between smokers and nonsmokers. Finally, although 
the total bacterial load was much lower in lung tissue samples 
than in BAL fluid neither the tissue samples nor the BAL 
fluid showed any significant differences in total bacterial load 
between COPD patients and healthy (control) subjects. 40,42 

Pragman et al extended these early studies by determin- 
ing the lung microbiota in a small group of control subjects 
and in patients with moderate to severe COPD using BAL 
fluid samples. They found that the bacterial communities in 
lungs with COPD were distinct from those of normal lungs, 
although there was no significant difference with regard to 
disease severity. 18 This was the first study to use BAL fluid for 
evaluation of the lung microbiota according to GOLD (Global 
initiative for chronic Obstructive Lung Disease) 43 grades of 
severity. These data suggest that individuals with COPD, 
regardless of severity, have a different bacterial microbiota 
in their lungs compared with those who do not have COPD 
and that changes in the microbial communities of the lung 
occur very early in the disease process. Importantly, they 
showed that there was segregation of bacterial communities 
according to use or nonuse of inhaled corticosteroids or 
bronchodilators. 18 However, because this study was cross- 
sectional, causality could not be ascribed. 18 Together, the 
studies to date 17 " 19 suggest that changes in the lung microbiota 
in individuals with COPD occur early in the disease process 
and remain relatively stable with disease progression. Finally, 
although there is a lack of uniformity regarding the organisms 
found in the lung microbiota of people with COPD and those 
with normal lungs, most studies have reported an increased 
representation of bacteria belonging to the Firmicutes phylum 
in lungs with COPD. 

Traditionally, it has been believed that the airways below 
the vocal cords are sterile, 17-19,40-45 and that the lungs have 
several built-in protective mechanisms to limit bacterial resi- 
dence and growth. One important defense system is the muco- 
ciliary escalator, which traps bacteria in the lower airways and 
escorts them out of the lungs. 46,47 Perturbations in this system 
can lead to persistent lung infections. 48 " 50 Another important 
defense mechanism is host immune cells. Macrophages and 
neutrophils, for instance, can phagocytose bacteria and clear 
any microorganisms that evade the mucociliary transport 



system. 47,51 The notion of sterility of the lower airways was 
"validated" by traditional culture methods, which failed to 
grow any significant bacteria in lung tissues from normal 
healthy individuals. However, use of more modern molecular 
techniques (that do not rely on traditional culture conditions) 
has revealed the genetic fingerprints of bacteria in the lower 
airways. However, some caution is required in interpretation 
of these data. Most molecular studies of the lung microbiota 
to date have focused solely on bacterial DNA. Therefore, it 
is possible that some of the bacteria identified by sequenc- 
ing and other molecular methods may be nonviable (ie, dead 
organisms). To address this limitation, future studies of the 
microbiota in COPD should focus on bacterial RNA, simi- 
lar to those performed in the lungs of patients with cystic 
fibrosis. 52,53 Another limitation is that almost all studies have 
relied on one measurement in time. Thus, it is not possible 
to conclude with certainty that the bacteria identified are 
permanently resident in lung tissues. It is possible that these 
bacteria are transient migrants and over time will be cleared 
from the airways. 

Bacterial microbiota in lung tissue 

The first analysis of the bacterial microbiota in COPD lung 
tissue was performed by Sze et al, 42 and largely confirmed 
the previous findings of Hilty et al. 41 Both these research 
groups showed that there was a significant difference in 
composition of the bacterial community between COPD 
and "normal" (control) lungs. 42 Notably, they found that 
the total number of bacteria in lung tissue, which has a 
density of 10-100 bacterial cells per 1,000 human cells, 
was relatively small compared with that of the gut micro- 
biota. 42 However, even at this low concentration, using two 
separate techniques (terminal restriction length polymor- 
phism analysis and pyrotag sequencing), Sze et al found 
that the lungs of patients with very severe COPD contained 
a different community of bacteria to those of controls or 
patients with cystic fibrosis. 42 Using indicator species 
analysis, they noted that these differences were largely 
driven by bacteria belonging to either the Proteobacteria 
or the Firmicutes phylum, 42 which is consistent with what 
was previously reported by Hilty et al 40 and Huang et al. 41 
However, by using lung tissue samples rather than bron- 
choscopic specimens (which are prone to upper airway 
contamination), Sze et al 42 provided the first evidence that 
lungs of COPD patients harbored a distinct microbiota. In a 
separate study done in cystic fibrosis, Goddard et al showed 
that the microbial diversity within the upper airways was 
significantly greater than that of the lower airways in 
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explanted lung tissue. 54 These data suggest that microbiota 
studies based on sputum and BAL may have overestimated 
bacterial diversity as well as bacterial density in the lower 
airways and parenchymal tissue. 

Initial location of the bacterial 
lung microbiota 

To date, most studies of the bacterial microbiota in the lung 
have evaluated BAL samples. However, because the broncho- 
scope has to traverse through the upper airways, these data 
may be confounded as a result of contamination by organ- 
isms from the mouth or nose. 44 55 To overcome this limitation, 
Charlson et al implemented several strict quality measures in 
their bronchoscopic techniques, including rinsing of the mouth 
with an antiseptic solution prior to bronchoscopy, restraints on 
suctioning through the bronchoscope in the upper airways, and 
discarding of the initial BAL fluid recovered. 55 Similar to previ- 
ous studies, which did not implement these stringent quality 
measures for bronchoscopy, they found that the overall bacte- 
rial load was higher in the BAL samples when compared with 
the negative controls 55 and that there was good concordance 
between bacterial communities across the samples. 55 

Although the source of the lung microbiota is not fully 
known in COPD, based on studies in other lung conditions 
(eg, cystic fibrosis), the most likely source is the upper air- 
way. 56 57 This notion is supported in part by a recent study 
reported by Segal et al. 44 They found that some healthy indi- 
viduals carried organisms in BAL fluid that were commonly 
observed in the supraglottic region, whereas other individuals 
demonstrated unique organisms in BAL fluid that were not 
found in the upper airways. 44 Interestingly, individuals in 
whom there was substantial overlap in the microbiota between 
BAL fluid and the upper airway demonstrated increased 
lung inflammation, characterized by increased lymphocytes 
and neutrophils in BAL fluid compared with those whose 
BAL microbiota was distinct from that of the upper airways. 
These results suggest that transmigration of bacteria from the 
supraglottic region into the lungs may elicit a host inflamma- 
tory response and raise the possibility that bacteria from the 
mouth may alter the normal lung microbiota, contributing 
to "disease". However, it is also possible that these data may 
have been confounded by upper airway contamination of the 
bronchoscope during the procedure. 

Can the oral bacterial microbiota 
play a role in COPD? 

Few studies have evaluated possible changes in the bacte- 
rial communities of the oral cavity of smokers compared 



with nonsmokers. 19,58 Charlson et al found that there was 
indeed a difference in the oral microbiota between smokers 
and nonsmokers, most notably in the Firmicutes phylum. 58 
This was supported by Morris et al, who also showed using a 
much larger sample size that there were detectable differences 
in the oral microbiota between smokers and nonsmokers. Both 
studies found differences in the representation of Neisseria 
species, 19,58 and showed that many bacteria in the oral cavity 
can also be found in the lungs. However, some bacteria, such 
as Enterobacteriaceae, Haemophilus, Methylobacterium, 
and Ralstonia, which are found throughout the airways, 
are enriched in the lungs compared with the oral cavity. 19 
The substantial overlap in the microbiota between the oral 
cavity and lungs may be related to microaspiration. 45 It is 
well known that nearly all individuals microaspirate during 
sleep. 45 However, aspirated bacteria are cleared by an intact 
mucociliary clearance system, which prevents infections in 
the lung. 59 In individuals with COPD, there is an impairment 
of this mucociliary clearance system. 60 Deregulation of this 
defense mechanism could lead to mucus hypersecretion, 
pooling of mucus, and mucus plugging in the airways, 61 
entrapping the aspirated bacteria in the lungs and causing 
them to acclimate and grow in this new ecosystem. This 
process may also elicit a local immune response, contribut- 
ing to the persistent lung inflammation observed in COPD 
airways, even following smoking cessation. It is possible 
that these "aspirated" bacteria may stimulate formation 
of tertiary lymphoid follicles, which are prominent in the 
small airways of patients with severe or very severe COPD. 
The impaired mucociliary clearance and cilia 62 in COPD 
lungs may also permit entry and growth of noncommensal 
bacterial pathogens in the lung, causing exacerbations and 
acute worsening of symptoms. Persistence of noncommensal 
organisms, coupled with the ongoing inflammatory response, 
may shift the lung microbiota in COPD. 4142 This hypothesis 
will needed to be tested in future studies. 

Exacerbations of COPD 

Another important feature of COPD is exacerbations, which 
are characterized by acute worsening of symptoms (usually 
cough and shortness of breath) and precipitate intensifica- 
tion of pharmacologic treatment and/or hospitalization. 38 
Most exacerbations are thought to be triggered by acute 
bacterial 32 - 63 or viral 38 infection. Consistent with this notion, 
treatment with antibiotics for 7-10 days during an acute 
COPD exacerbation reduces the risk of treatment failure and 
in-hospital mortality, providing strong indirect evidence for 
the importance of bacterial infection during exacerbations. 64 
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Recently, there has been a growing interest in the poten- 
tial role of bacteria during periods of clinical stability 
(nonexacerbation periods). Some have postulated that lungs 
with COPD persistently harbor "pathogenic" bacteria in the 
lower airways and that their gradual "overgrowth" beyond 
a certain threshold causes exacerbations. This hypothesis 
is partly supported by data from a recent randomized con- 
trolled study of azithromycin, a macrolide antibiotic that 
binds with the 50S subunit in bacteria and inhibits bacterial 
growth. This study showed that 1 2 months of daily prophy- 
lactic treatment with azithromycin significantly improved 
health status in patients with COPD and, most importantly, 
reduced the risk of exacerbations by 25% above and beyond 
standard pharmacologic treatment. 65 Although azithromycin 
has anti-inflammatory activities (beyond antimicrobial ones), 
these data strongly support the importance of the microbiota 
in the pathogenesis of COPD. 

Microbiota and exacerbations 
of COPD 

Exacerbations are a major source of morbidity and mortal- 
ity in patients with COPD. 38 To date, most studies that have 
evaluated the role of the bacterial microbiota in exacerba- 
tions have been performed in patients with cystic fibrosis, 66-68 
with few studies having investigated the role of the lung 
microbiota during exacerbations of COPD. 41 ' 69 An early 
report by Fodor et al indicated that there was no change in the 
lung microbiota during exacerbations of COPD compared 
with periods of stability; 67 this was supported by Tunney 
et al who obtained sputum samples from 40 individuals at 
baseline and further samples in the 24-48 hours following 
the first dose of an antibiotic during exacerbations. 69 They 
found that more anaerobic bacteria could be cultivated 
at the end of the antibiotic treatment period than prior to 
antibiotic initiation. 69 When 16S (small ribosomal subunit) 
bacterial sequencing analysis was performed, they found no 
significant difference in bacterial composition between the 
stable and exacerbation groups. 69 However, using sequenc- 
ing technology, they detected small changes in bacterial 
community structure following use of antibiotics compared 
with prior samples from the same patients. 69 These data sug- 
gest that the bacterial community in the airways does not 
change by a large amount during exacerbations compared 
with periods of stability. This notion is consistent with the 
findings of Sethi et al, 32 who demonstrated that exacerbations 
are caused by introduction of new strains of bacteria rather 
than by infection with new families or genera of bacteria. 63 
Using traditional culture-based methods, Sethi et al 



showed that exacerbations could be attributed to new strains 
of Haemophilus influenzae? 1 

Microbiota and inflammation 
in COPD 

Very little research has been done on the role played by the 
microbiota in inflammation of the lung in COPD. One of the 
first relevant studies was reported by Segal et al, 44 and was 
discussed earlier in this paper. A more detailed study was per- 
formed by Larsen et al, 70 who determined the cytokine profile 
of dendritic cells in response to exposure to various types 
of bacteria that had been shown previously to be associated 
with asthma or COPD. 40 They found that bacteria identified 
as likely commensal organisms induced muted interleukin 
(IL)-23, IL-12p70, and IL-10 expression, whereas bacteria 
identified as potential pathogens (eg, Haemophilus spp. and 
Moraxella spp.) induced a more robust cytokine response. 70 
They also went on to show that coexposure of Prevotella spp. , 
identified as commensal organisms, reduced the dendritic 
IL-12p70 response related to H. influenzae. 10 Others have 
evaluated Lactobacillus and have found that its presence 
reduces airway inflammation in mouse models of asthma. 71 ' 72 
Together, these data suggest that commensal organisms may 
regulate the inflammatory response of the lungs induced by 
possible pathogenic organisms and protect the lungs against 
inflammatory and oxidative stress. This hypothesis will 
require validation in in vivo and in vitro studies. 

Our knowledge so far about 
the lung microbiota in COPD 

Overall, our understanding of the bacterial lung microbiota 
in COPD is still in its infancy. Despite the excitement about 
the lung microbiota, the data are inconsistent and poorly 
reproducible across studies. For example, although the first 
few studies to investigate COPD (mostly using BAL or 
sputum samples) reported that bacterial diversity decreased 
with increasing severity of disease, 17 - 40 subsequent studies 
using lung tissue samples have failed to show significant 
differences in bacterial diversity. 42 One possible explanation 
for this discrepancy is that tissue samples contain mostly 
parenchyma (mixed with airways and blood vessels) while 
BAL and sputum mostly sample the airways (Table 1). 
This suggests that the bacterial microbiota in the airways 
is different from that in the alveolar tissue, giving rise to 
differential microniches across different compartments of 
the lung. It should also be noted that the concept of reduced 
diversity with disease progression has not been consistently 
replicated, even in studies using BAL samples. 18 In contrast 
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Table I Breakdown of different bacterial microbiota studies in COPD 



Study 


Controls 


COPD 


Sampling method 


Predominant stage of COPD 


Hilty et al 40 


8 


5 


Bronchial brush 


2-3 


Erb-Downward et al 17 


10 


4 


BAL 


1 




0 


6 


Tissue 


4 


Huang et al 41 


0 


8 


Endotracheal aspirates 


4 (admitted for exacerbation) 


Sze et al 42 


16 


8 


Tissue 


4 


Pragman et al 18 


10 


22 


BAL 


2 



Abbreviations: BAL, bronchoalveolar lavage; COPD, chronic obstructive pulmonary disease. 



with earlier reports, one recent study showed that diversity 
paradoxically increased in severe COPD compared with 
controls. 18 

One common finding so far from the COPD studies 
is that there is increased expression of bacteria in the 
Firmicute phylum in moderate, severe, and even very 
severe disease, 18,40-42 with one notable dissenting study. 17 
Erb-Downward et al found that the predominant bacteria 
in lung tissue from patients with very severe disease were 
those belonging to the Proteobacteria phylum. 17 This 
finding is similar to that reported by Hilty et al. 40 Huang 
et al provided a plausible explanation to reconcile these 
differences. They speculated that there are two types of 
bacterial microbiota related to COPD, one dominated by 
Proteobacteria and another dominated by Firmicutes, and 



that the latter may be associated with increased diversity. 41 
Further studies will be needed to investigate and resolve this 
controversy and determine the role of the lung microbiota 
in progression of COPD. 

Although cystic fibrosis and bronchiectasis are both 
chronic airway diseases, they are likely to harbor a different 
lung microbiota than that in the COPD lung. For example, in 
COPD, some (but not all) studies have shown reduced bacte- 
rial diversity with disease progression; however, no study has 
shown that this leads to an outgrowth of a single organism, 
unlike in cystic fibrosis where loss of bacterial diversity leads 
to bacterial outgrowth (usually Pseudomonas). Moreover, 
the bacterial load in COPD is far less than that observed 
in cystic fibrosis or idiopathic bronchiectasis, which makes 
cross-comparisons difficult. 




Figure I Potential role of the bacterial microbiota in the pathogenesis of COPD. 
Abbreviation: COPD, chronic obstructive pulmonary disease. 
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Important findings 
in the Gl microbiota 

An interesting emerging concept is that the gut microbiota 
modulates the body's entire immune response and that distur- 
bances in the gut microbiota can lead to disease in extraint- 
estinal organs. A large body of literature has been published 
on the role of the gut microbiota in health and disease. 73-77 
These investigations have provided new insights regarding 
a variety of bowel diseases and yielded novel therapeutic 
targets. Good examples are the use of stool transplantation to 
treat refractory cases of pseudomembranous colitis secondary 
to C. difficile infection 76 and antibiotic treatment for severe 
malnutrition. 76 A seminal study in this field was published by 
Turnbaugh et al in 2006. 73 In that study, they closely examined 
the gut flora of genetically engineered obese and lean mice 
and found that their bacterial microbiotas were different. 73 
They noted that obese mice had an increased capacity to 
harvest and store dietary energy. Importantly, when the gut 
microbiota of these obese mice was transplanted into germ- 
free mice, the recipients gained a significant amount of 
weight in the form of fat. In contrast, when these mice were 
transplanted with gut flora from lean mice, no significant 
weight gain was observed. 73 

Cho et al investigated whether exposure to subtherapeutic 
doses of antibiotics early in life could modify body weight. 75 
They found that subtherapeutic doses of antibiotics modified 
the bacterial microbiota in the gut, which in turn influenced 
short-chain fatty acid synthesis by modulating prokaryotic 
genes forbutyryl coenzyme A transferase. 75 They also found 
that this antibiotic regimen modified the processing of fatty 
acids and lipids in mice by upregulating genes involved in 
both lipogenesis and triglyceride synthesis. 75 Trehan et al 
extended this observation by showing a beneficial effect 
of antibiotic therapy on body weight. 78 In their study, they 
treated individuals suffering from severe malnutrition with 
antibiotics to modify their gut microbiota 77,78 and found that 
the group treated with antibiotics gained the most weight. 78 

Together, these studies indicate that modulating the gut 
microbiota not only impacts the GI tract but also influences 
extraintestinal organs (eg, adipose tissue), indicating the 
importance of the gut microbiota in the overall health of 
individuals. To date, there are no similar data for the lung 
microbiota. Study of the lung microbiota is difficult because 
of its low total bacterial load, possible contamination of oral 
or nasal origin, and barriers to access. 

The gut microbiota has been shown to have effects not 
just in obesity but also in diabetes 79-81 and atherosclerosis. 82,83 
Some bacteria in the GI tract may be modulated by serum 



female sex hormone levels, 81,84 which may have an impact on 
the brain and behavior. 85,86 Therefore, a reasonable question to 
ask would be: can changes in the microbiota of the gut also 
affect the response of the lung to different stimuli? 

Gut-lung axis 

One of the first studies to show that the response of the lung 
could be affected by the gut bacterial microbiota was reported 
by Ichinohe et al, who investigated how changes in the GI 
microbiota could affect lung inflammation during acute 
influenza infection. 15 The first observation they made was that 
treatment with antibiotics reduced production of influenza 
virus-specific antibodies and attenuated CD4 T-cell responses 
(T-cell isolation followed by restimulation with virus). 15 
They also found that animals treated with oral antibiotics 
had smaller mediastinal lymph nodes, less cellularity, and 
fewer dendritic cells than those not treated with antibiotics. 
Dendritic cells in the antibiotic-treated group demonstrated 
deficiencies in the regulatory T-cell response. 15 Interestingly, 
Ichinohe et al found that rectal stimulation of Toll-like recep- 
tors restored the immune response to viral infection. 15 

Russell et al performed a different set of experiments 
involving very young mouse pups and found that low-dose 
oral antibiotics altered the GI flora, which in turn upregulated 
the mouse's immune response to an allergen challenge with 
ovalbumin. 87 After the animals were treated with antibiot- 
ics, they mounted greater antigen-specific immunoglobulin 
E responses, showed increased eosinophilia in BAL fluid, and 
demonstrated increased airway hyperresponsiveness when 
challenged with ovalbumin. 87 This study also showed that 
treatment with low-dose vancomycin in young mice severely 
reduced the number of regulatory T-cells in the gut. 87 These 
data suggest that alterations in the GI microbiota early in 
life can modify an individual's risk of asthma. Some have 
suggested that it is the antibiotics (and not the alterations 
in the gut microbiota per se) that are responsible for modu- 
lating the risk of asthma. However, the data would argue 
against this hypothesis. A recent study showed that babies 
delivered vaginally harbored a microbiota (in the skin, oral 
cavity, nasopharynx, and GI tract) that was predominated 
by Lactobacillus and very similar to that in the mother's 
vaginal tract. In contrast, babies born via cesarean section 
harbored a microbiota that was very similar to that found on 
the mother's skin, where Staphylococcus and Acinetobacter 
were much more common colonizers. 88 Epidemiologic 
studies have shown that babies born by cesarean section 
have a significantly higher risk of asthma than babies deliv- 
ered vaginally. 89 Russell et al showed that antibiotic therapy 
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enhanced the risk of asthma in young but not adult mice. 87 
Together, these data suggest that the microbiota is responsible 
for modulating the risk of asthma. 

There is growing evidence that smoking and COPD can 
have an effect on bacteria in the GI tract. 90-92 Further, smoking 
is an important risk factor for certain inflammatory bowel 
diseases, such as ulcerative colitis, which has been associated 
with perturbations of the GI microbiota. 93 - 94 Ekbom et al 
showed that there was an increased risk of COPD in patients 
with ulcerative colitis or Crohn's disease. 90 More recent stud- 
ies, such as those by Biedermann et al, have clearly shown that 
smoking alters the gut bacterial microbiota and that smoking 
cessation increases the diversity of this microbiota. 92 These 
observations suggest that cigarette smoke can directly impact 
the immune response in the lung and indirectly modulate 
the gut microbiota. One possibility for the latter is reducing 
"immune tolerance" conferred by the gut microbiota. Ciga- 
rette smoke may downregulate certain commensal organisms 
in the gut, which in turn may amplify immune responses 
elsewhere in the body. This could then enhance the immune 
response in the lungs. Future studies are needed to address 
the issue concerning how this assault by cigarette smoke on 
the bacterial microbiota affects the host immune system in 
individuals with COPD (Figure 1). 

Future research directions 

There are presently no longitudinal data on the microbiota 
in COPD. Further, human studies have been hampered by 
their inability to explain the large variation in bacterial com- 
munities between individual samples and across subjects. 
Although molecular techniques have identified a novel lung 
microbiota in COPD, there is little information on whether 
alterations in the lung microbiota induce changes in the host 
inflammatory response. Future studies will need to address 
how the COPD lung microbiota affects innate and adap- 
tive immunity and in turn drives the formation of tertiary 
lymphoid follicles. Although there is strong evidence that 
chronic prophylactic treatment with azithromycin reduces the 
risk of exacerbation in COPD, it is not certain whether this 
effect is due to the drug's antimicrobial or anti-inflammatory 
properties. Although studies of the bacterial microbiota in 
mice have yielded some fascinating and interesting data, their 
transferability to humans is not certain. At the moment, one 
potential role for the bacterial microbiota in the lung may 
be as a biomarker for worsening disease. The one generally 
consistent observation across the studies of the COPD micro- 
biome is a loss of bacterial diversity with increasing severity 
of disease. However, the clinical relevance of this observation 



is not known. Despite these and other limitations, the success 
of studies of the gut microbiota in effecting new therapies 
for GI conditions such as pseudomembranous colitis provide 
hope that well designed and executed lung microbiota studies 
in humans and animals can generate new knowledge that 
can be translated into novel therapies and thereby reduce the 
growing worldwide burden of COPD. 
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